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Abstract-Sixteen weeks of a relatively mild running program, started at 22 months of age, 
lowered the body weights of 26-month-old male rats to the level of 9-month-old rats and increased 
the weights and the collagen densities of hind limb bones to levels greater than those of 9-, 22-, and 
26-month-old sedentary rats. The densities (g/cm 3) and the calcium densities (mg/cm ~) of the hind 
limb bones decreased with age and were restored to the 9-month level by training the elderly rats 
to run. These data suggest that exercise is capable of inducing a compensation for, or a reversal of, 
age-associated bone loss (osteoporosis) and restoring the bone mineral content in aged rats to the 
level of those of mature young adult animals. 
INTRODUCTION 
Or~E OF the most consistent physiological changes that accompanies aging in vertebrates is 
a progressive decrease in bone mineral content, strength, and resistance to fracture. Such 
changes are common in most human populations and types of bone (Garn, 1970; Avioli, 
1981) and the susceptibility to bone fracture appears to be directly proportional to the 
degree of bone loss (McMillan, 1978). Bone mineral decreases at a rate of between 0.75 
and 1 °7o per year beginning at age 35-45 for women and 0.4-0.5070 per year starting at age 
50-55 for men, resulting in a 50-fold increase in hip fracture between 40 and 70 years of 
age (Chalmers, 1970). In humans with senile osteoporosis, fractures are most commonly 
associated with the radius, ulna, femoral neck and vertebral column (Arnold et al., 1969) 
and may occur spontaneously or as the result of mild trauma (Alffram and Bauer, 1962). 
Complication from fractures in postmenopausal women has resulted in a mortality rate of 
15 to 30070, with an estimated annual cost greater than 1 billion dollars (Avioli, 1981). The 
emotional, medical, and economic costs related to bone deterioration are enormous and 
will surely become greater as the number of elderly continues to increase. 
*To whom reprint requests should be addressed. 
**Present address: Stanford University School of Medicine, Stanford, CA 94395. 
***Present address: Department of Microbiology, Rutgers University, New Brunswick, NJ 08903. 
Correspondence may be addressed to Dr. Robert E. Beyer, Department of Biochemistry, Arrhenius Labora- 
tory, University of Stockholm, S-106 91 Stockholm, Sweden. 
(Received 30 June 1985, Revised 15 May 1985, Accepted 11 October 1985) 
315 
316 R.E. BEYER, J.C. HUANG, AND G.B. WILSHIRE 
Although there appears to be general agreement that some bone loss invariably accom- 
panies aging (Albanese et al., 1969; Cassuccio, 1962; Garnet  al., 1966, 1967, 1969; Gold- 
smith et al., 1971; Rose, 1970; Smith, 1967; Smith et al., 1981b; Urist, 1962), the etiology 
and mechanism are still speculative and methods employed for prevention and treatment 
have met with mixed success (Smith et al., 1981b, Avioli, 1977; Montoye et al., 1976). Of 
all the treatment modalities employed for osteoporosis, physical activity has received the 
least support, despite reports that in athletes and physical laborers bone hypertrophy re- 
lated to their specific activities occurs (Smith, 1981; Montoye et al., 1980; Kr¢lner and 
Toft, 1983; Smith et al., 1981b) and that exercise may stimulate bone accretion in humans 
(Mazess and Whedon, 1983; Kr¢lner et al., 1983; Brewer et al., 1983; Oyster et al., 1984; 
Williams et al., 1984) and rodents (Bell et al., 1980; Saville and Whyte, 1969). 
Most studies on senile osteoporosis have focused on females because of their earlier 
development of symptomatology. However, an increase in the incidence of osteoporosis 
in males may be expected as the extension in life expectancy results in an elevation in the 
population of elderly men. In order to gather additional information on the ability of en- 
durance exercise to prevent or reverse osteopenia in the aged male animal, we have ana- 
lyzed the effect of a relatively mild regimen of endurance training on the physical dimen- 
sions, as well as calcium and collagen contents, of hindlimb bones of elderly male rats and 
have compared such values to those of age-matched and middle-aged sedentary control 
groups. 
MATERIALS AND METHODS 
Animals 
Retired male breeder Sprague-Dawley rats****, designated CrI:COBSIRICD[ R] (SD), were obtained from 
Charles River Breeding Laboratories (Portage, MI) at 9 to 10 months of age and housed singly in the Animal 
Care Facility of the Division of Biological Sciences, University of Michigan, in a room segregated from other 
species and maintained at 22°C on a 12 h light-dark cycle. All animals received Purina Laboratory Rat Chow 
containing 1.01 e/0 calcium and 0.74a/0 phosphorus and water ad libitum. Approximately 85~/0 of the rats in our 
aging colony survive to 26 months of age. Four groups of rats, selected at random from our aging colony, were 
prepared: (a) 9-month-old sedentary, (b) 22-month-old sedentary, (c) 26-month-old sedentary, and (d) 26- 
month-old endurance-trained for 4 months. Sedentary animals were handled by laboratory personnel for several 
minutes each, 5 days per week, in order to approximate the degree of handling of the endurance-trained group. 
Because it was our intent to study the interaction of age and exercise, animals that showed pathology or un- 
explained weight loss were excluded from participation in these experiments. 
Animal  training 
The exercise training protocol was similar to that described previously (Starnes et al., 1983a,b). A group of 
22-month-old rats was introduced into a protocol consisting of running 5 days per week for 16 weeks in a 
10-channel, motor-driven treadmill (Quinton Instruments, Seattle, WA). Throughout the exercise program, the 
angle of incline of the treadmill was 8 ° and the temperature in the exercise room was maintained at 19 ° C. The 
first exercise session consisted of running the rats for 10 minutes at 11 m/min. On each succeeding session for 
the next 2 weeks, the duration and speed were increased until the rats were running for 40 minutes at 22 m/min. 
For the remainder of the training period, the rats ran an average of 35 minutes each day. 
****Personal contact between the first author and the manager of the local rodent breeding facility enabled us 
to purchase retired breeders of known birth dates for these studies. 
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Chemicals 
All chemicals used were of analytical grade and were obtained from Sigma Chemical Co. (St. Louis, MO) ex- 
cept for p-(dimethylamino)-benzaldehyde obtained from J.T. Baker Co. (Phillipsburg, N J) and murexide (acid 
ammonium purpurate) from Fisher Scientific Co. (Pittsburgh, PA). 
Tissue preparation 
All animals were anesthesized with sodium pentobarbital and gastrocnemius, quadriceps, and cardiac muscles 
were removed and used for other purposes (Beyer et al., 1984). Carcasses were stored frozen in air-tight con- 
tainers until investigators were available for bone analyses (between 3 and 4 months), when right and left femurs 
and tibias were removed. After mechanical removal of most of the soft tissue, the bones were cleansed thor- 
oughly of adhering tissue by the domestic beetle, Dermestes vulpinus. Bones were then washed with distilled 
water for 5 minutes, immersed in 10% NaCI for 48 hours, and rinsed again in distilled water to remove any 
traces of adhering connective and adipose tissue. 
Physical measurements 
Bone volume was determined according to Archimedes' Principle (F = pg V) by degassing the bone in distilled 
water in vacuo for 60 minutes, obtaining the buoyancy force from the difference in the weight of a beaker of 
distilled water, with and without the bone immersed, while suspended by a fine copper wire and calculating the 
volume of the bone essentially as described by Dequeker and Merlevede (1971). Density was calculated as dry 
weight/volume. This parameter should not be confused with the numerical value obtained with X-ray den- 
sitometry; the latter technique derives values more closely related to porosity of bone. Lipid was extracted from 
bones by the Soxhlet apparatus with petroleum ether (30-60 ° BP) for 60 hours. Fat-free dry weight was ob- 
tained after dehydrating the bone in vacuo at 108 o C for 60 minutes. 
Chemical analyses 
Bones were prepared for calcium analysis according to Kenny et al. (1958). Calcium was analyzed in femurs 
either with a Perkin-Elmer Model 272 Atomic Absorption Spectrophotometer (Perkin-Elmer Corp., Norwalk, 
CT), using the method described in the manufacturer's handbook, or coiorimetrically using the EDTA-murexide 
method of Munson et al. (1955) as refined by Ohnishi and Ebashi (1964). The two methods yielded comparable 
results. Collagen content of finely crushed tibias were determined by analyzing for hydroxyproline essentially ac- 
cording to Miyada and Tappel (1956), with the acid hydrolysis procedure of Neuman and Logan (1950), the 
modifications suggested by LeRoy (1967), and the corrections suggested by Dequeker and Merlevede (1971). The 
terms calcium density and collagen density are defined as mg calcium/cm 3 and mg collagen/cm 3 bone, respec- 
tively. 
Statistical analysis 
All data obtained were analyzed by a univariate one-way analysis of variance (ANOVA) using the Michigan 
Interactive Data Analysis System (MIDAS) developed by the Statistical Research Laboratory of The University 
of Michigan. Inferences about the significance of the differences between means, as well as conservative Scheffe 
allowances, were derived from such values. 
RESULTS  
The group of  rats par t ic ipat ing in the exercise p rogram lost 10% of  their body  weight 
dur ing  the first 7 weeks of the p rogram (P  < 0.001), after which their weights remained 
relatively stable (Beyer et  a l . ,  1984). At  the end of  the 16 weeks of  exercise the rats in the 
elderly t ra ined group weighed 16.1% less than  their age-matched sedentary controls  
(P  < 0.0001). The mean  body weight of  the 26-month-o ld  t ra ined group did not  differ 
f rom that  of the 9 -month-o ld  control  group (P  = 0.7125). The con t inua l  weight gain of  
this s t ra in of Sprague-Dawley rat  over its life span has been documented  previously (Far- 
rar et  al. 1981; McCaffer ty  and  Ed ing ton ,  1974). 
Tra in ing  also resulted in an increase in the dry and  fat-free dry weights of femurs  and  
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(Tables 1 and 2). Indications of the occurrence of osteopenia in these aging animals are 
the significant decreases in femur and tibia densities (g/cm 3) (Tables 1 and 2) and the de- 
crease in femur calcium density (Table 1), a reflection of the amount of calcium per vol- 
ume of bone. This loss in bone mineral density occurred despite increases in bone volume, 
total collagen, and collagen content per fat-free dry weight and without an associated de- 
crease in collagen density between 9 and 26 months (Table 2). 
The data in Tables 1 and 2 thus indicate that the effects of exercise on the hind limb 
bones in these elderly rats were (a) an increase in dry weights and fat-free dry weights, (b) 
an increase in the total bone density to the level seen in the 9-month-old sedentary rat, (c) 
an increase in total calcium to levels greater than the 9-, 22-, and 26-month sedentary age 
groups, (d) a compensation for, or a reversal of, the loss of calcium density, due to senile 
osteoporosis, to a level not statistically different from 9-month-old sedentary animals, 
and (e) significant increases in total collagen and collagen densities. 
DISCUSSION 
The data from this study suggest that the decrease in hind limb bone weight with age is 
due primarily to loss of mineral content and not to the loss of organic bone material. The 
loss of total calcium and dry weight between 9 and 22 to 26 months are quantitatively 
similar when an adjustment is made for the molecular form of calcium in bone-  hydroxy- 
apatite. As the percentage increase in total collagen and bone volume were parallel, no 
change in collagen density was observed. Because of this increase in total collagen and 
diminished mineral content, the collagen per fat-free weight increased with age. This is in 
agreement with the report of Dequeker and Merlevede (1971) that collagen content of 
porous bone related to either fat-flee weight or dry weight tends to increase with age. 
Thus, according to the present study, osteoporotic bone from aged animals has a lowered 
density when compared to 9-month-old animals, due primarily to loss of the mineral com- 
ponent, and an increased collagen fraction due to the greater loss of hydroxyapatite than 
to the collagen matrix. 
Senile osteopenia appears to be a consequence of both an increased calcium demand 
due to negative calcium balance and loss of the calcium homeostasis of bone due to a 
break-down of regulatory mechanisms (Avioli, 1981). Failure to prevent the negative cal- 
cium balance inevitably results in substantial bone resorption, leading to low mass and 
high collagen concentrations. The present experiments demonstrate that net mineral loss 
does not occur in hind limb bones of physically active animals; to the contrary, total mass 
increases due to increases in both total collagen and minerals. Exercise thus appears to in- 
fluence the formation of the connective tissue matrix essential for mineral deposition in 
bone formation. Exercise also stimulates the turnover of connective tissue in a variety of 
other tissues (Beyer, 1983). 
Although the precise mechanism of bone loss in senile osteoporosis in not known, a 
number of processes have been implicated, including decreased intestinal and renal 
calcium absorption leading to a negative calcium balance, complex hormonal interac- 
tions, inactivity (Avioli, 1982), and the loss of calcium homeostasis due to degeneration of 
regulatory systems on the bone surface (Tonna, 1978; Tonna and Cronkite, 1964). 
Because endurance exercise appears to compensate for the loss of bone in the aged ani- 
mals, an appropriate approach to the study of underlying metabolic bases for the pre- 
vention of osteoporosis may be to investigate such systems in animals adapting to endur- 
ance exercise. It has been reported that osteoblastic activity and population decrease dras- 
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tically with advancing age (Tonna, 1978; Tonna and Cronkite, 1964). Observations of 
osteoblasts during endurance training in the elderly animal, therefore, may yield valuable 
information on control of osteoblastic activity, as well as its possible role in bone repair in 
the elderly. 
A bone morphogenetic protein (BMP) that may regulate the differentiation of mesen- 
chyme cells into cartilage and bone has been demonstrated (Urist et al., 1979) and found 
to be diminished in aged bone (Urist et al., 1981). This protein may be involved in the 
response of bone to exercise reported herein. Because the present study indicates that ex- 
ercise increases bone density by stimulating matrix formation in partially demineralized 
bone and because BMP is assayed by its ability to induce osteogenesis by demineralized 
bone matrix (Syftestad and Urist, 1980), a study of the activity of BMP in the bones of ex- 
ercising individuals may yield important information. These and other factors that affect 
bone have been reviewed recently (Simpson, 1984). 
As Hayflick (1979) has suggested, a decline in proliferative potential is an innate, pro- 
grammed property of all cells. One of the goals of those studying aging is to identify 
means of shifting the aging curve from a general decline to a more rectilinear shape. Many 
of the changes that accompany aging, at least in the laboratory rat and the human, are 
similar to those accompanying disuse atrophy (Bortz, 1982). The data reported herein and 
elsewhere suggest that a regular exercise program is able to reverse, or delay, some of the 
age-related functional declines, even if initiated late in the life of otherwise sedentary indi- 
viduals. This is not to suggest, however, that ceils remain responsive indefinitely to stimuli 
such as exercise because some evidence exists for a "threshold age" (Edington et al., 1972). 
Richardson and Cheung (1982) have suggested that with age there occurs a general decline 
in gene expression, translation, and transcription, resulting in a decrease in the response 
of the aged animal to stimuli and a lowering of induced enzyme synthesis. Although it ap- 
pears that tissues of animals close to the end of their maximal life span are unresponsive to 
stimuli such as exercise (Steinhagen-Thiessen et al., 1980, 1981), those of somewhat 
younger animals are still able to reverse degenerative age-associated metabolic and struc- 
tural changes. However, the question of the fraction of the life span of an animal that 
must remain in order for aging-associated degenerative changes to maintain responsive- 
ness to repair stimuli is still unanswered. The data reported herein suggest that relatively 
mild endurance exercise, inititated in animals in which osteoporosis has progressed to a 
measurable level, may still reverse or compensate for this disabling, degenerative con- 
dition of old age. In a study of women averaging 81 years, exercise over a period of 3 years 
has been shown to slow the rate of bone loss and increase bone mineral content (Smith et 
al., 1981b). Apparently, 81 years in the human and 22 months in the rat are not too late to 
start employing exercise to protect bones from the adverse effects of aging and the con- 
sequences of a sedentary lifestyle. 
Bone loss is a well-recognized consequence of bed rest, limb immobilization, and loss of 
normal gravitational stimuli due to space travel (Smith, 1981; Montoye et al., 1980; 
Kr¢lner and Toft, 1983; Smith et al., 1981a; Wronski and Morey, 1983). Data also exist 
demonstrating prevention of space travel-associated bone loss with appropriate exercise 
(Mack et al., 1967) as well as reversal of bone loss in elderly animals by exercise (Saville 
and Whyte, 1969; Nilsson and Westlin, 1971; Smith et al., 1976; Bell et al., 1980; Lanyon 
and Bourn, 1979; Kr¢lner et al., 1983). For these reasons this non-invasive treatment, ex- 
ercise, lacking the side effects of alternative drug therapy, should receive serious, 
widespread consideration. A plea for more information in this area through research on 
humans has been published (Holloszy, 1983). 
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It should be of  interest to note that other measurements on the rats used in this study or 
others similarly trained indicate that gastrocnemius muscle myoglobin (Beyer and Fattore, 
1984), flavin, and oxidative enzymatic capacities (Beyer et al., 1984) are all increased in 
the trained aged group to levels equal to, or greater than, those of the 9-month-old seden- 
tary animals. In addition, myocardial function and aerobic energy metabolism were im- 
proved (Starnes et al., 1983a) and coenzyme Q concentrations increased (Beyer and 
Starnes, 1985) when compared to age-matched sedentary animals. 
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